Background {#Sec1}
==========

The 5′-untranslated regions (5′-UTRs) of many eukaryotic mRNAs contain upstream open reading frames (uORFs) \[[@CR1]--[@CR4]\]. Although most uORFs are not thought to encode functional proteins or peptides, certain uORFs encode regulatory peptides that have roles in post-transcriptional regulation of gene expression \[[@CR5]--[@CR9]\]. During translation of some of these regulatory uORFs, nascent peptides act inside the ribosomal exit tunnel to cause ribosome stalling \[[@CR10]\]. Ribosome stalling on a uORF results in translational repression of the downstream main ORF (mORF) because stalled ribosomes block the access of subsequently loaded ribosomes to the mORF start codon \[[@CR11]\]. Additionally, if ribosome stalling occurs at the stop codon of a uORF, nonsense-mediated mRNA decay (NMD) may be induced \[[@CR12], [@CR13]\]. In some genes, uORF-encoded nascent peptides cause ribosome stalling in response to metabolites to down-regulate mORF translation under specific cellular conditions \[[@CR11], [@CR13]--[@CR18]\]. In contrast to the uORFs encoding cis-acting regulatory nascent peptides, a uORF in the *Medicago truncatula MtHAP2--1* gene encodes a trans-acting regulatory peptide, which binds to the 5′-UTR of *MtHAP2--1* mRNA and causes mRNA degradation \[[@CR19]\].

To comprehensively identify uORFs that encode functional peptides, genome-wide searches for uORFs with conserved peptide sequences (CPuORFs) have been conducted using comparative genomic approaches in various organisms \[[@CR20]--[@CR24]\]. In plants, approximately 40 CPuORF families have been identified by comparing the uORF-encoded amino acid sequences of orthologous genes in some of *Arabidopsis*, rice, cotton, orange, soybean, grape and tobacco, or those of paralogous genes in *Arabidopsis* \[[@CR21], [@CR23], [@CR24]\]. Recently, 29 additional CPuORF families, which include CPuORFs with non-canonical initiation codons, have been identified by comparing 5′-UTR sequences between *Arabidopsis* and 31 other plant species \[[@CR25]\].

In conventional comparative genomic approaches, uORF sequences are compared among selected species. Therefore, homology detection depends on the selection of species for comparison. In searches using this approach, if a uORF amino acid sequence is not conserved among the selected species, this uORF is not identified as a CPuORF, even if it is evolutionarily conserved between one of the selected species and other unselected species. To overcome this problem, we previously developed the BAIUCAS (for BLAST-based algorithm for identification of uORFs with conserved amino acid sequences) pipeline \[[@CR26]\]. In BAIUCAS, homology searches of uORF amino acid sequences are performed using BLAST between a certain species and any other species for which expressed sequence tag (EST) databases are available, and uORFs conserved beyond a certain taxonomic range are selected. Using BAIUCAS, we searched for *Arabidopsis* CPuORFs conserved beyond the order Brassicales, which *Arabidopsis* belongs to, and identified 13 novel CPuORF families \[[@CR26]\]. We examined the sequence-dependent effects of the CPuORFs identified by BAIUCAS on mORF translation using a transient expression assay, and identified six regulatory CPuORFs that repress mORF translation in an amino acid sequence-dependent manner \[[@CR27], [@CR28]\]. These sequence-dependent regulatory CPuORFs include ones conserved only among relatively small taxonomic groups, such as a part of eudicots. Therefore, it is expected that sequence-dependent regulatory CPuORFs conserved in various plant lineages, including narrowly conserved ones, will be more comprehensively identified if BAIUCAS is applied to many plant species.

Before applying BAIUCAS to many species, improvement of BAIUCAS was desired to more efficiently identify CPuORFs that were conserved because of the functional importance of their encoded peptides. One major problem with identifying CPuORFs is that there are cases where a uORF found in the 5′-UTR of a transcript is fused to the mORF in an isoform of the transcript, and in some of these cases, such uORF sequences are conserved because they actually encode parts of mORF-encoded protein sequences. In other words, there are cases where the protein-coding mORF is split into multiple ORFs in a splice variant and the ORF coding for the N-terminal region of the protein appears like a uORF. Such an ORF can be extracted as a CPuORF if the amino acid sequence in the N-terminal region of the protein is evolutionarily conserved. It is difficult to distinguish between this type of 'spurious' CPuORFs and 'true' CPuORFs because even 'true' CPuORF-containing genes produce splice variants in which a CPuORF is fused to the mORF, as seen in the At2g31280, At5g01710, and At5g03190 genes \[[@CR21], [@CR26], [@CR29]\]. Another major point to be improved is the method of calculating nonsynonymous to synonymous nucleotide substitution (*K*~a~/*K*~s~) ratios for CPuORF sequences. These *K*~a~/*K*~s~ ratios are used to evaluate whether uORF sequences are conserved at the amino acid level or at the nucleotide level \[[@CR30]\]. However, *K*~a~/*K*~s~ ratios largely depend on the selection of uORF sequences used for their calculations. If uORF sequences used for the calculation of a *K*~a~/*K*~s~ ratio include many sequences from closely related species, the *K*~a~/*K*~s~ ratio tends to be high. For appropriate calculations of *K*~a~/*K*~s~ ratios, uORF sequences need to be selected using proper criteria.

Here, we present an improved BAIUCAS version ESUCA (for evolutionary search for uORFs with conserved amino acid sequences) and genome-wide identification of CPuORFs from five angiosperm genomes using ESUCA. To distinguish between 'spurious' CPuORFs conserved because they code for parts of mORF-encoded proteins and 'true' CPuORFs conserved because of functional constraints of their encoded small peptides, ESUCA includes an algorithm to assess whether, for each uORF, transcripts bearing a uORF-mORF fusion are minor or major forms among orthologous transcripts. Another new function of ESUCA is systematic calculations of *K*~a~/*K*~s~ ratios for CPuORF sequences. ESUCA includes an algorithm to select one uORF sequence from each order for calculation of the *K*~a~/*K*~s~ ratio of each CPuORF. Additionally, ESUCA is capable of determining the taxonomic range within which each CPuORF is conserved. Although ESUCA can identify CPuORFs conserved only among a small taxonomic group because ESUCA compares uORF sequences between a certain species and any other species with available transcript databases, CPuORFs conserved among a small taxonomic group may be less likely to encode functional peptides than those conserved across a wide taxonomic range. The automatic determination of the taxonomic range of CPuORF conservation provides useful information for the selection of CPuORFs likely to encode functional peptides. The current study demonstrates that ESUCA efficiently identifies CPuORFs likely to be conserved because of functional constraints of their encoded peptides. Furthermore, the data presented here show that the approach in which uORF sequences from multiple species are compared with those of many other species, using ESUCA, is highly effective in comprehensively identifying CPuORFs conserved in various taxonomic lineages.

Results {#Sec2}
=======

The ESUCA pipeline {#Sec3}
------------------

In this study, to efficiently identify CPuORFs likely to be conserved because of functional importance of their encoded peptides, we developed a novel pipeline, ESUCA, which consists of a six-step procedure (Fig. [1](#Fig1){ref-type="fig"}). The first step is extraction of uORF sequences from a transcript sequence dataset. The uORFs are extracted by searching the 5′-UTR sequence of each transcript for an ATG codon and its nearest downstream in-frame stop codon. Although uORFs overlapping their downstream mORFs are also usually considered uORFs, we focus on the type of uORFs that has both the start and stop codons within the 5′-UTR to avoid including uORFs whose sequences are conserved because of functional constraints of mORF-encoded proteins. When there are splice variants of a gene, uORFs in all splice variants are extracted. The second step assesses whether, for each uORF, uORF-mORF fusion type transcripts are minor or major forms among orthologous transcripts. If transcripts with a uORF-mORF fusion are found as a major form in a majority of species with their orthologs, the uORF sequence is likely to code for a part of the mORF-encoded protein. Therefore, such a uORF should be discarded as a 'spurious' uORF. In contrast, if transcripts with a uORF-mORF fusion are found in only a small proportion of species with their orthologs, the uORF-mORF fusion type transcripts are considered minor form transcripts and therefore can be ignored. For this assessment, the NCBI reference sequence (RefSeq) database is used, which provides curated non-redundant transcript sequences \[[@CR31]\]. For each uORF, the ratio of RefSeq RNAs with a uORF-mORF fusion to all RefSeq RNAs with both sequences similar to the uORF and its downstream mORF is calculated (Fig. [2](#Fig2){ref-type="fig"}). We define this ratio as the uORF-mORF fusion ratio. If the uORF-mORF fusion ratio of a uORF is equal to or greater than 0.3, then the uORF is discarded. The third step is uORF amino acid sequence homology searches. In this step, tBLASTn searches are performed against a transcript sequence database, using the amino acid sequences of the uORFs as queries (uORF-tBLASTn analysis). The uORFs with tBLASTn hits from other species are selected. The fourth step is selection of uORFs conserved among homologous genes. To confirm whether the uORF-tBLASTn hits are derived from homologs of the original uORF-containing gene, the downstream sequences of putative uORFs in the uORF-tBLASTn hits are subjected to another tBLASTn analysis, which uses the mORF amino acid sequence of the original uORF-containing transcript as a query (mORF-tBLASTn analysis) (Fig. [3](#Fig3){ref-type="fig"}). If a uORF-tBLASTn hit has a partial or intact ORF that contains a sequence similar to the mORF amino acid sequence downstream of the putative uORF, it is considered to be derived from a homolog of the original uORF-containing gene. If uORF-tBLASTn and mORF-tBLASTn hits are found in at least two orders other than that of the original uORF, then the uORF is selected as a candidate CPuORF. This is because at least three uORF sequences from different orders are necessary to confirm at the later manual validation step that the same region is conserved among homologous uORF sequences. The fifth step is *K*~a~/*K*~s~ analysis. In this step, *K*~a~/*K*~s~ ratios for the selected candidate CPuORFs is calculated to assess whether the candidate CPuORF sequences are conserved at the nucleotide or amino acid level. A *K*~a~/*K*~s~ ratio close to 1 indicates neutral evolution, whereas a *K*~a~/*K*~s~ ratio close to 0 suggests that purifying selection acted on the amino acid sequences. For each candidate CPuORF, a representative uORF-tBLASTn and mORF-tBLASTn hit is selected from each order, and the putative uORF sequences in the representative uORF-tBLASTn and mORF-tBLASTn hits are used for the calculation of the *K*~a~/*K*~s~ ratio (Fig. [4](#Fig4){ref-type="fig"}). If the *K*~a~/*K*~s~ ratio of a candidate CPuORF is less than 0.5 and significantly different from that of the negative control with *q* less than 0.05, then the candidate CPuORF is selected for further analysis. The final step is to determine the taxonomic range of uORF sequence conservation. In this step, the representative uORF-tBLASTn and mORF-tBLASTn hits selected in the fifth step are classified into taxonomic categories (Fig. [4](#Fig4){ref-type="fig"}). On the basis of the presence of the uORF-tBLASTn and mORF-tBLASTn hits in each taxonomic category, the taxonomic range of sequence conservation is determined for each CPuORF. Fig. 1Outline of the ESUCA pipeline Fig. 2Schematic representation of the algorithm to calculate uORF-mORF fusion ratios. For each original uORF-containing transcript sequence, RefSeq RNAs are selected that match an original uORF sequence, irrespective of the reading frame, and the original mORF sequence in the same reading frame as the largest ORF of the RefSeq RNA, using tBLASTx. The shaded regions in the open boxes represent the tBLASTx-matching regions. If the uORF-tBLASTx-matching region is within the largest ORF, the RefSeq RNA is considered a uORF-mORF fusion type. The number of this type of RefSeq RNA is defined as '*X*'. If the uORF-tBLASTx-matching region is not within the largest ORF, the RefSeq RNA is considered a uORF-mORF separate type. The number of this type of RefSeq RNA is defined as '*Y*'. For each of the original uORF-containing transcripts, the uORF-mORF fusion ratio is calculated as *X* / (*X* + *Y*) Fig. 3Schematic representation of BLAST-based search for uORFs conserved between homologous genes. In the third step of ESUCA, tBLASTn searches are conducted against a transcript sequence database that consists of assembled EST/TSA contigs, unclustered singleton EST/TSA sequences and RefSeq RNAs, using original uORF sequences as queries (uORF-tBLASTn). The shaded regions in the open boxes show the tBLASTn-matching regions. Asterisks represent stop codons. (i) The downstream in-frame stop codon closest to the 5*′*-end of the matching region of each uORF-tBLASTn hit is selected. (ii) The 5*′*-most in-frame ATG codon located upstream of the stop codon is selected. The ORF beginning with the selected ATG codon and ending with the selected stop codon is extracted as a putative uORF. In the fourth step of ESUCA, the downstream sequences of putative uORFs in the transcript sequences are subjected to mORF-tBLASTn analysis. Transcript sequences matching the original mORF with an *E*-value less than 10^− 1^ are extracted. (iii) For each of the uORF-tBLASTn and mORF-tBLASTn hits, the upstream in-frame stop codon closest to the 5*′*-end of the matching region is selected. (iv) The 5*′*-most in-frame ATG codon located downstream of the selected stop codon is identified as the initiation codon of the putative partial or intact mORF. If the putative mORF overlaps with the putative uORF, the uORF-tBLASTn and mORF-tBLASTn hit is discarded as a uORF-mORF fusion type Fig. 4Schematic representation of the algorithms to select putative uORF sequences used for *K*~a~/*K*~s~ analysis and to determine the taxonomic range of uORF sequence conservation. Horizontal short black bars depict uORF-tBLASTn and mORF-tBLASTn hit sequences selected in the fourth step of ESUCA. In the fifth step, the uORF-tBLASTn and mORF-tBLASTn hit sequences are classified by orders, using taxonomic lineage information of EST, TSA, and RefSeq RNA sequences from NCBI Taxonomy, and one sequence is selected from each order (See Materials and Methods for the criteria for the selection). The putative uORF sequences in the selected transcript sequences are used for generating the multiple alignments of the uORF amino acid sequences. For *K*~a~/*K*~s~ analysis, only putative uORF sequences from orders belonging to Angiospermae are used. In the sixth step of ESUCA, the selected transcript sequences are classified into the 13 plant taxonomic categories to determine the taxonomic range of uORF sequence conservation, using taxonomic lineage information of EST, TSA, and RefSeq RNA sequences

Identification of angiosperm CPuORFs using ESUCA {#Sec4}
------------------------------------------------

We applied ESUCA to five angiosperm species, *Arabidopsis*, rice, tomato, poplar and grape, which belong to phylogenetically distant clades of angiosperm, and for which entire genomic DNA and transcript sequence datasets were available. Rice is a monocot, whereas the others are eudicots. *Arabidopsis* and poplar belong to two different groups of rosids (marvids and fabids), whereas tomato belongs to asterids. Grape belongs to neither rosids nor asterids. In the first step of ESUCA, we extracted uORF sequences from the 5′-UTR sequence of each transcript of these species, using the transcript sequence datasets described in the Materials and Methods. In these datasets, different transcript IDs are assigned to each splice variant from the same gene. To extract sequences of uORFs and their downstream mORFs from all splice variants, we extracted uORF and mORF sequences from each of the transcripts with different transcript IDs. In the second step, we calculated the uORF-mORF fusion ratio of each uORF-containing transcript, using the extracted uORF and mORF sequences, and removed uORFs with uORF-mORF fusion ratios equal to or greater than 0.3 (Supplementary Table [S1](#MOESM1){ref-type="media"}). We also discarded uORFs whose numbers of RefSeq RNAs containing both sequences similar to the uORF and its downstream mORF were less than 10. This was done because appropriate evaluations of uORF-mORF fusion ratios were difficult with a few related RefSeq RNAs and such uORFs are unlikely to be evolutionarily conserved. In the third step, using the amino acid sequences of the remaining uORFs as queries, we performed uORF-tBLASTn searches against a plant transcript sequence database that contained contigs of assembled EST and transcriptome shotgun assembly (TSA), singleton EST/TSA sequences, and RefSeq RNAs (See Materials and Methods for details). In the fourth step, the uORF-tBLASTn hits were subjected to mORF-tBLASTn analysis, and uORF-tBLASTn and mORF-tBLASTn hits were extracted. Plant EST and TSA databases can include contaminant sequences from other organisms, such as parasites, plant-feeding insects and infectious microorganisms. We checked the possibility that the extracted uORF-tBLASTn and mORF-tBLASTn hits included contaminant EST/TSA sequences, using BLASTn searches. The BLASTn searches were performed using each uORF-tBLASTn and mORF-tBLASTn hit EST/TSA sequence as a query against EST/TSA and RefSeq RNA sequences from all organisms, with an *E*-value cutoff of 10^− 100^ and an identity threshold of 95%. Contaminant EST/TSA sequences were identified by this analysis, as described in Materials and Methods, and were removed from the uORF-tBLASTn and mORF-tBLASTn hits. We selected uORFs whose remaining uORF-tBLASTn and mORF-tBLASTn hits were found in homologs from at least two orders other than that of the original uORF. Thereafter, we generated multiple amino acid sequence alignments of each selected uORF and its homologs, using a putative homologous uORF sequence from each order in which uORF-tBLASTn and mORF-tBLASTn hits were found (Fig. [4](#Fig4){ref-type="fig"}). When multiple original uORFs derived from splice variants of the same gene partially or completely shared amino acid sequences, the one with the longest conserved region was manually selected on the basis of the uORF amino acid sequence alignments. In the fifth step, the remaining uORFs were subjected to *K*~a~/*K*~s~ analysis. The uORFs with *K*~a~/*K*~s~ ratios less than 0.5 showing significant differences from those of negative controls (*q* \< 0.05) were selected as candidate CPuORFs (Supplementary Table [S1](#MOESM1){ref-type="media"}). Through ESUCA analyses of *Arabidopsis*, rice, tomato, poplar, and grape genomes, 105, 57, 42, 149, and 78 candidate CPuORFs were extracted, respectively. Of these, 87 *Arabidopsis*, 51 rice, 29 tomato, 76 poplar, and 43 grape uORFs belong to the previously identified CPuORF families, homology groups (HGs) 1 to 53 \[[@CR21], [@CR23]--[@CR26]\] (Supplementary Table [S1](#MOESM1){ref-type="media"}). The amino acid sequences of the remaining candidate CPuORFs are not similar to those of the known CPuORFs. Therefore, 18, 6, 13, 73, and 35 novel candidate CPuORFs were extracted from *Arabidopsis*, rice, tomato, poplar, and grape genomes, respectively.

Validation of candidate CPuORFs {#Sec5}
-------------------------------

If the amino acid sequence of a uORF is evolutionarily conserved because of functional constraints of the uORF-encoded peptide, it is expected that the amino acid sequence in the functionally important region of the peptide is conserved among the uORF and its orthologous uORFs. Therefore, we manually checked whether the amino acid sequences in the same region are conserved among uORF sequences in the alignment of each novel candidate CPuORF. We found that the alignments of 17 novel candidate CPuORFs contain sequences that do not share the consensus amino acid sequence in the conserved region, and removed these sequences from the alignments. We also removed sequences derived from genes not related to the corresponding original uORF-containing gene from the alignments of five novel candidate CPuORFs. When these changes resulted in the number of orders with the uORF-tBLASTn and mORF-tBLASTn hits becoming less than two, the candidate CPuORFs were discarded. Ten novel candidate CPuORFs were discarded for this reason. Supplementary Figure [S1](#MOESM7){ref-type="media"} shows the uORF amino acid sequence alignments without the removed sequences. The *K*~a~/*K*~s~ ratios were recalculated after the manual removal of the sequences (Supplementary Table [S1](#MOESM1){ref-type="media"}), and eight additional novel candidate CPuORFs were discarded because their *K*~a~/*K*~s~ ratios were greater than 0.5.

Using genomic position information from Ensembl Plants (<http://plants.ensembl.org/index.html>) \[[@CR32]\] and Phytozome v12.1 (<https://phytozome.jgi.doe.gov/pz/portal.html>) \[[@CR33]\], we manually checked whether the positions of the remaining novel candidate CPuORFs overlap with those of the mORFs of other genes or the mORFs of splice variants of the same genes. We found that the genomic position of the candidate CPuORF of the *Arabidopsis ROA1* (AT1G60200) gene overlaps with that of an intron in the mORF region of a splice variant. Protein sequences with an N-terminal region similar to the amino acid sequence encoded by the 5′-extended region of the mORF in this splice variant are found in most orders from which the uORF-tBLASTn and mORF-tBLASTn hits of this candidate CPuORF were extracted, suggesting that the splice variant with the 5′-extended mORF is not a minor form among orthologous transcripts. Therefore, this candidate CPuORF was discarded.

In the second step of ESUCA, we excluded uORF sequences likely to encode parts of the mORF-encoded proteins, by removing uORFs with high uORF-mORF fusion ratios. To confirm that the novel candidate CPuORFs do not code for parts of the mORF-encoded proteins, each of the putative uORF sequences used for the alignment and *K*~a~/*K*~s~ analysis was queried against the UniProt protein database (<https://www.uniprot.org/>), using BLASTx. When putative uORF sequences matched protein sequences with low *E*-values, we manually checked whether amino acid sequences similar to those encoded by the putative uORFs were contained within mORF-encoded protein sequences. In this analysis, mORF-encoded proteins with N-terminal sequences similar to the amino acid sequences encoded by the candidate CPuORFs of the rice *OsUAM2* gene and its poplar ortholog, POPTR_0019s07850, were identified in many orders. This suggests that the sequences encoded by these candidate CPuORFs are likely to function as parts of the mORF-encoded proteins. Therefore, we discarded these candidate CPuORFs. For some other novel candidate CPuORFs, mORF-encoded proteins with sequences similar to those encoded by the candidate CPuORF and/or its homologous putative uORFs were also found. However, we did not exclude these candidate CPuORFs, because such uORF-mORF fusion type proteins were found in only a few species for each candidate.

After manual validation, 13, 4, 11, 70, and 34 uORFs were identified as novel CPuORFs in *Arabidopsis*, rice, tomato, poplar and grape, respectively. Among these novel CPuORFs, those of orthologous genes with similar CPuORF amino acid sequences were classified into the same HGs. It should be noted that no apparent sequence similarity was found between the novel CPuORFs of non-orthologous genes. Also, using OrthoFinder ver. 1.1.4 \[[@CR34]\], an algorithm for ortholog group inference, we classified the genes with novel CPuORFs and those with previously identified CPuORFs into ortholog groups. The same HG number with a different sub-number was assigned to CPuORFs of genes in the same ortholog group with dissimilar uORF sequences (e.g. HG56.1 and HG56.2). Of the newly identified CPuORF genes, six were classified into the same ortholog groups as previously identified CPuORF genes, but the amino acid sequences of these six CPuORFs are dissimilar to those of the known CPuORFs. Including this type of CPuORFs, we identified 132 novel CPuORFs that belong to 89 novel HGs (HG2.2, HG9.2, HG16.2, HG43.2, HG50.2, HG52.2, HG54-HG83, HG86-HG130 and HG149--151) (Supplementary Table [S1](#MOESM1){ref-type="media"}).

Determination of the taxonomic range of CPuORF sequence conservation {#Sec6}
--------------------------------------------------------------------

As the final step of ESUCA, we determined the taxonomic range of the sequence conservation of each CPuORF identified, including previously identified CPuORFs. For this purpose, the uORF-tBLASTn and mORF-tBLASTn hits selected for generating the multiple amino acid sequence alignments and retained after manual validation were classified into 13 plant taxonomic categories (See Materials and Methods for details.), on the basis of taxonomic lineage information of EST, TSA, and RefSeq RNA sequences (Fig. [4](#Fig4){ref-type="fig"}). Figure [5](#Fig5){ref-type="fig"} and Supplementary Table [S2](#MOESM2){ref-type="media"} show the taxonomic range of sequence conservation for each HG and each CPuORF, respectively. In general, CPuORFs belonging to previously identified HGs tend to be conserved in a wider range of taxonomic categories than those belonging to the newly identified HGs. For 19 of the novel HGs, CPuORF sequences are conserved both in eudicots and monocots or in wider taxonomic ranges. In contrast, for 70 of the novel HGs, CPuORF sequences are conserved only among eudicots. For 12 of these, CPuORF sequences are conserved in narrower taxonomic ranges, only among rosids or asterids. These results indicate that the taxonomic range of CPuORF sequence conservation varies, and that ESUCA can identify CPuORFs conserved in a relatively narrow taxonomic range. Fig. 5Taxonomic range of the sequence conservation of the CPuORF families. The blue, yellow, red, green, and purple lines show the conservation range of CPuORF HGs determined by applying ESUCA to *Arabidopsis* (*Arabidopsis thaliana*), rice (*Oryza sativa*), tomato (*Solanum lycopersicum*), poplar (*Populus trichocarpa*), and grape (*Vitis vinifera*) genomes, respectively. The presence of a line within a cell in each taxonomic category indicates the presence of uORF-tBLASTn and mORF-tBLASTn hits for any of the CPuORFs that belong to each HG. In taxonomic categories with a category name with an asterisk, uORF-tBLASTn and mORF-tBLASTn hits found in lower taxonomic categories were excluded. In the case where no uORF-tBLASTn and mORF-tBLASTn hit was found in the taxonomic category that contain a species from which the original uORF was derived, the line showing the species was still drawn in the cell of the taxonomic category because this category contained the species with the original uORF. *Arabidopsis*, rice, tomato, poplar and grape belong to malvids, commelinids, lamiids, fabids and eudicots\*, respectively. HG1-HG53 are previously identified HGs, except for HG2.2, HG9.2, HG16.2, HG43.2, HG50.2 and HG52.2, whereas HG2.2, HG9.2, HG16.2, HG43.2, HG50.2, HG52.2, HG54-HG83, HG86-HG130 and HG149--151 are newly identified HGs

Sequence-dependent effects of CPuORFs on mORF translation {#Sec7}
---------------------------------------------------------

To address the relationship between the taxonomic range of CPuORF sequence conservation and the sequence-dependent effects of CPuORFs on mORF translation, we selected 11 poplar CPuORFs and examined their sequence-dependent effects on expression of the downstream reporter gene using a transient expression assay. Of the selected CPuORFs, those belonging to HG46, HG55, HG57, HG66 and HG103 are conserved in diverse angiosperms or in wider taxonomic ranges (Fig. [5](#Fig5){ref-type="fig"}, Supplementary Table [S2](#MOESM2){ref-type="media"}). The CPuORFs belonging to HG65, HG80, HG81 and HG87 are conserved in a wide range of eudicots, whereas the CPuORFs belonging to HG88 and HG107 are conserved only among rosids (Fig. [5](#Fig5){ref-type="fig"}, Supplementary Table [S2](#MOESM2){ref-type="media"}). In the 5′-UTR of the poplar gene with the HG107 CPuORF, there is another uORF immediately upstream of the CPuORF (Supplementary Figure [S2](#MOESM2){ref-type="media"}K). To focus on the sequence-dependent effect of the CPuORF on mORF translation, the upstream uORF was eliminated by mutating its initiation codon because the presence of the immediate upstream uORF may reduce the translation efficiency of the CPuORF and therefore potentially make the effect of the CPuORF ambiguous. The 5′-UTR sequences containing the selected CPuORFs were fused to the firefly luciferase (Fluc) coding sequence and were placed under the control of the 35S promoter to generate the wild-type (WT) reporter constructs (Fig. [6](#Fig6){ref-type="fig"}a, Supplementary Figure [S2](#MOESM8){ref-type="media"}). To assess the importance of the amino acid sequences for the effects of these CPuORFs on mORF translation, frameshift mutations were introduced into the CPuORFs so that the amino acid sequences of their conserved regions could be altered. A + 1 or − 1 frameshift was introduced upstream or within the conserved region of each CPuORF, and another frameshift was introduced before the stop codon to shift the reading frame back to the original frame (Supplementary Figure [S2](#MOESM8){ref-type="media"}). These reporter constructs were each transfected into protoplasts from *Arabidopsis thaliana* MM2d suspension-cultured cells. After 24 h of incubation, cells were harvested and disrupted to analyze luciferase activity. In five of the 11 CPuORFs, the introduced frameshift mutations significantly increased Fluc activity, indicating that these CPuORFs repress expression of the *Fluc* reporter gene expression in a sequence-dependent manner (Fig. [6](#Fig6){ref-type="fig"}b). As mentioned in the Background section, sequence-dependent regulatory uORFs may cause not only translational repression but also NMD, via ribosome stalling at the uORF stop codons \[[@CR12], [@CR13]\]. Therefore, the sequence-dependent repressive effects observed for the five CPuOFs could be due to NMD rather than translational repression. To confirm that the sequence-dependent effects of these CPuORFs on the repoerter gene expression were exerted at the translational level, we examined the mRNA level of the *Fluc* reporter gene by quantitative reverse transcription PCR and devided the Fluc activity by the *Fluc* mRNA level to calculate the relative translation efficiency of the *Fluc* reporter gene. As shown in Fig. [6](#Fig6){ref-type="fig"}c, for all the five CPuORFs tested, the frameshift mutations significantly enhanced the relative translation efficiency. This result suggests that these five CPuORFs cause translational repression of the mORFs in a sequence-dependent manner, although we cannot rule out the possibility that these CPuORF sequences induce NMD in addition to the translational repression. These five novel sequence-dependent regulatory CPuORFs include the HG107 CPuORF, which is one of the CPuORFs conserved only among rosids. Therefore, this result suggests that CPuORFs conserved only among rosids can have sequence-dependent regulatory effects. Fig. 6Sequence-dependent effects of novel CPuORFs on main ORF translation. **a** Schematic representation of the WT (*35S::UTR (WT):Fluc*) and frameshift (fs) mutant (*35S::UTR (fs):Fluc*) reporter constructs. The 5′-UTR containing each CPuORF tested was inserted between the 35S promoter (*35Spro*) and the *Fluc* coding sequence. The hatched box in the CPuORF (fs) indicates the frame-shifted region. The dotted boxes represent the first five nucleotides of the mORF. See Supplementary Figure [S2](#MOESM8){ref-type="media"} for the exact position and length of each CPuORF and the exact frame-shifted region. HSPt: the *AtHSP18.2* polyadenylation signal. **b** Transient expression assay for luciferase activity. Each reporter plasmid containing a WT or fs CPuORF, belonging to an indicated HG, was co-transfected into MM2d protoplasts with the *35S::Rluc* internal control plasmid by PEG treatment. After 24-h incubation, dual luciferase assays were performed. Fluc activity was normalized to Rluc activity, and the normalized activity relative to that of the corresponding WT reporter construct is shown. **c** Transient expression assay for translation efficiency. For the five CPuORFs that showed a significant sequence-dependent effect in (**b**), the WT and fs reporter plasmids were each co-transfected into MM2d protoplasts with the *35S::Rluc* plasmid again*.* After 24-h incubation, the Fluc and Rluc activities and the *Fluc* and *Rluc* mRNA levels were measured. Fluc activity was normalized to Rluc activity, and the *Fluc* mRNA level was normalized to the *Rluc* mRNA level. The normalized Fluc activity was divided by the normalized *Fluc* mRNA level to calculate the translation efficiency of *Fluc*. The *Fluc* translation efficiency relative to that of the corresponding WT reporter construct was calculated to determine the relative translation efficiency. In (**b**) and (**c**), means ± SD of at least three biological replicates are shown. Single and double asterisks indicate significant differences between the WT and fs constructs at *p* \< 0.05 and *p* \< 0.01, respectively, as determined by Student's *t*-test

Discussion {#Sec8}
==========

Comprehensive identification of angiosperm CPuORFs by ESUCA analyses of multiple species' genomes {#Sec9}
-------------------------------------------------------------------------------------------------

In this study, we developed ESUCA, a pipeline for efficient genome-wide identification of CPuORFs. By applying ESUCA to five angiosperm genomes, we identified 132 CPuORFs that belong to 89 novel HGs. Of these HGs, 71 were identified through ESUCA analysis of only one of the *Arabidopsis*, rice, tomato, poplar or grape genomes (Fig. [5](#Fig5){ref-type="fig"}). This means that CPuORFs belonging to these HGs cannot be identified by comparing uORF sequences of orthologous genes between these five species. Therefore, this result demonstrates that the approach used in this study, in which uORF sequences from multiple species are compared with those of many other species, is highly effective in comprehensively identifying CPuORFs. We expected this approach to be particularly useful for comprehensive identification of CPuORFs conserved in relatively narrow taxonomic ranges. Therefore, we used the five angiosperm species belonging to relatively distant lineages in order to identify CPuORFs conserved only among the taxonomic categories to which each of the five species belong. However, unexpectedly, in 43 of 71 HGs identified through ESUCA analysis of only one of the five plant genomes, CPuORF sequences are conserved in both rosids and asterids, two major groups of eudicots, indicating that these CPuORFs are conserved across diverse eudicots (Fig. [5](#Fig5){ref-type="fig"}). One possible explanation of this observation is that sequence conservation of uORFs is often lost in small taxonomic groups, such as orders or families, during evolution. For example, while the CPuORF of the tomato LOC101264451 gene, which belongs to HG43.1, exerts a sequence-dependent repressive effect on mORF translation, the CPuORF of its *Arabidopsis* ortholog, *ANAC096*, lacks the C-terminal half of the amino acid sequence in the highly conserved region and does not have a sequence-dependent regulatory effect \[[@CR26]--[@CR28]\]. In contrast to the *Arabidopsis ANAC096* CPuORF, all the critical amino acid residues in the highly conserved region are retained in the HG43.1 CPuORF of *Tarenaya hassleriana*, which belongs to the same order as *Arabidopsis*, Brassicales, but a different family. CPuORFs involved in preferable but not essential post-transcriptional regulations may be lost in some taxonomic clades during evolution. Such CPuORFs would be difficult to be identified by comparing uORF sequences between a few selected species if a selected species is included in clades where the CPuORF sequences were lost. Therefore, the ESUCA method is advantageous for comprehensive identification of CPuORFs compared with conventional comparative genomic approaches. Our results reveal that the approach used here (i.e. ESUCA analyses of multiple species' genomes) is further advantageous and is highly useful not only for comprehensive identification of narrowly conserved CPuORFs but also for that of widely conserved CPuORFs.

The transient expression assays in the current study identified five novel poplar regulatory CPuORFs that exert sequence-dependent repressive effects on mORF translation. One of the identified regulatory CPuORFs is conserved only among rosids (i.e. only among fabids and malvids). This result suggests that at least, CPuORFs conserved only among fabids and malvids can have sequence-dependent regulatory effects, although we cannot rule out the possibility that CPuORFs conserved in narrower taxonomic ranges can have sequence-dependent regulatory effects. Of the 91 CPuORF HGs identified through ESUCA analysis of the poplar genome, HG101.1 and HG150 are conserved only among fabids, whereas the others are conserved in at least one other taxonomic category in addition to fabids (Fig. [5](#Fig5){ref-type="fig"}). Likewise, all the HGs identified through ESUCA analysis of the other four plant genomes are conserved in multiple taxonomic categories. Altogether, these results suggest that most the CPuORFs identified in this study, in which CPuORFs conserved in more than two orders were extracted, are likely to be conserved because of functional constraints of their encoded peptides. Of the 11 poplar CPuORFs analyzed by the transient expression assays, five are conserved beyond eudicots, and three of them exhibited sequence-dependent repressive effects (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}b). In addition, we previously examined the effects of 16 CPuORFs, which belong to HG27-HG29, HG33-HG43.1, HG44, and HG45, on mORF translation and identified six sequence-dependent regulatory CPuORFs. In this analysis, five of 11 CPuORFs conserved beyond eudicots showed sequence-dependent repressive effects, whereas one of five CPuORFs conserved only among eudicots showed a sequence-dependent repressive effect \[[@CR27], [@CR28]\]. These results may suggest that CPuORFs conserved beyond eudicots are more likely to encode functional peptides than CPuORFs conserved only among eudicots. ESUCA is capable of selecting CPuORFs conserved in certain taxonomic ranges on the basis of two criteria, the numbers of orders in which CPuORFs are conserved and/or taxonomic categories in which CPuORFs are conserved. Our results demonstrate that this function of ESUCA is highly useful for the efficient selection of CPuORFs likely to encode functional peptides.

Of the CPuORFs analyzed for their sequence-dependent regulatory effects in the present study, the CPuORFs belonging to HG55 and HG66 showed no significant sequence-dependent effect on mORF translation, despite their widespread sequence conservation beyond eudicots (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}b). These CPuORFs might encode peptides that have functions other than the control of mORF translation, or they might exert sequence-dependent regulatory effects only under certain conditions. In fact, many known sequence-dependent regulatory uORFs repress mORF translation in response to metabolites, such as polyamine, arginine, and sucrose \[[@CR11], [@CR15], [@CR16], [@CR18]\]. Likewise, the other CPuORFs that exhibited no significant sequence-dependent regulatory effect might encode peptides that have other functions or exert regulatory effects only under specific conditions.

Filtering using the uORF-mORF fusion ratio {#Sec10}
------------------------------------------

To distinguish between 'spurious' CPuORFs conserved because they code for parts of mORF-encoded proteins and 'true' CPuORFs conserved because of functional constraints of their encoded small peptides, we employed the criterion of the uORF-mORF fusion ratio and discarded uORFs with uORF-mORF fusion ratios equal to or greater than 0.3. We checked how effectively the 'spurious' CPuORFs were removed with this criterion, using a protein sequence database. Although uORF-mORF fusion type protein sequences were found in OsUAM2 homologs from widespread angiosperm species, no other candidate CPuORFs were extracted in which uORF-mORF fusion type protein sequences were found in many species that have sequences similar to the candidate CPuORFs. This indicates that the uORF-mORF fusion ratio filtering worked effectively to exclude 'spurious' CPuORFs that code for parts of the mORF-encoded proteins.

ESUCA extracted all known plant cis-acting regulatory CPuORFs that control mORF translation in a sequence-dependent manner (i.e. HG1, HG3, HG6, HG12, HG13, HG14, HG15.3, HG18, HG19, HG27, HG34, HG36, HG41, HG42, and HG43.1 CPuORFs \[[@CR16], [@CR18], [@CR27], [@CR28], [@CR35]--[@CR40]\]) (Supplementary Table [S1](#MOESM1){ref-type="media"}). Of these, the HG3 CPuORFs, associated with an mORF coding for an *S*-adenosylmethionine decarboxylase (AdoMetDC; EC 4.1.1.50) \[[@CR21], [@CR41]\], showed relatively high uORF-mORF fusion ratios, although still below 0.3 (Supplementary Table [S1](#MOESM1){ref-type="media"}). In this study, 11 CPuORFs belonging to this HG were extracted using ESUCA and the uORF-mORF fusion ratios of these CPuORFs were in the range of 0.17 to 0.27, with a median value of 0.26 (Supplementary Table [S1](#MOESM1){ref-type="media"}). Consistent with these relatively high uORF-mORF fusion ratios, uORF-mORF fusion type protein sequences that contain amino acid sequences resembling HG3 CPuORFs are found in widespread angiosperm species. The uORF-mORF fusion ratios of the candidate CPuORFs of rice *OsUAM2* and its poplar ortholog were 0.28. The rice *OsUAM2* gene codes for a protein similar to UDP-arabinopyranose mutases (EC 5.4.99.30) \[[@CR42]\]. Two protein isoforms, a uORF-mORF fusion type and one lacking the uORF-encoded region, produced from splice variants of an *OsUAM2* orthologous gene, are found in diverse angiosperm species. The functions of both of isoforms are not yet known. Considering the example of HG3 CPuORFs, we cannot rule out the possibility that a candidate CPuORF functions as a regulatory uORF even if uORF-mORF fusion type protein sequences are found in widespread species. However, to avoid including potential 'spurious' CPuORFs whose amino acid sequences are likely to be evolutionarily conserved because of their function as N-terminal regions of the mORF-encoded proteins, we excluded the candidate CPuORFs of the rice *OsUAM2* gene and its poplar ortholog. In conclusion, the criterion of the uORF-mORF fusion ratio used in this study appears appropriate because all known cis-acting sequence-dependent regulatory CPuORFs were extracted and most 'spurious' CPuORFs were removed.

Conclusion {#Sec11}
==========

The present study demonstrates that the approach in which uORF sequences from multiple species are compared with those of many other species, using ESUCA, is highly effective in comprehensive identification of CPuORFs. Using this approach, we identified many novel angiosperm CPuORFs, which include CPuORFs conserved among limited clades and widely conserved CPuORFs. Our results also showed that ESUCA is capable of efficiently selecting CPuORFs likely to be conserved because of functional importance of their encoded peptides. The approach used here can be applied to any eukaryotic organism with available genome and transcript sequence databases and therefore is expected to contribute to the comprehensive identification of CPuORFs encoding functional peptides in various organisms. Furthermore, besides CPuORFs, the algorithms developed for ESUCA and the approach used here can be applied to the identification of other sequences conserved in various taxonomic ranges.

Materials and methods {#Sec12}
=====================

Extraction of uORF sequences {#Sec13}
----------------------------

We used genome sequence files in FASTA format and genomic coordinate files in GFF3 format obtained from Ensembl Plants Release 33 (<https://plants.ensembl.org/index.html>) \[[@CR32]\] to extract *Arabidopsis* (*Arabidopsis thaliana*), tomato (*Solanum lycopersicum*), poplar (*Populus trichocarpa*), and grape (*Vitis vinifera*) uORF sequences. We used a genome sequence file in FASTA format and a genomic coordinate files in GFF3 format obtained from Phytozome v11 (<https://phytozome.jgi.doe.gov/pz/portal.html>) \[[@CR33]\] for rice (*Oryza sativa*). We extracted exon sequences from genome sequences, on the basis of genomic coordinate information, and constructed transcript sequence datasets by combining exon sequences. On the basis of the transcription start site and the translation initiation codon of each transcript in the genomic coordinate files, we extracted 5′-UTR sequences from the transcript sequence datasets. Then, we searched the 5′-UTR sequences for an ATG codon and its nearest downstream in-frame stop codon. Sequences starting with an ATG codon and ending with the nearest in-frame stop codon were extracted as uORF sequences. When multiple uORFs from a gene shared the same stop codon, only the longest uORF sequence was used for further analyses.

Assembly of EST and TSA sequences {#Sec14}
---------------------------------

EST, TSA, and RefSeq RNA sequence datasets were obtained from the International Nucleotide Sequence Database Collaboration databases (NCBI release of 2016-12-03 and DDBJ release 106.0 for EST and TSA sequences, NCBI release 79 for RefSeq RNA sequences). On the basis of taxonomic lineage information provided by NCBI Taxonomy (<https://www.ncbi.nlm.nih.gov/taxonomy>), EST and TSA sequences derived from Viridiplantae were extracted from the databases. EST and TSA sequences from the same species were assembled using Velvet ver. 1.2.10 \[[@CR43]\] with k-mer length of 99. The k-mer length was optimized using *A. thaliana* EST and TSA sequences to minimize the total numbers of assembled contigs and unclustered singleton sequences. Unclustered singleton EST/TSA sequences, derived from species for which RefSeq RNA sequences were available, were mapped to the RefSeq RNA sequences using Bowtie2 ver. 2.2.9 \[[@CR44]\] and the default parameters. We discarded singleton EST/TSA sequences that matched any RefSeq RNA sequences from the same species. We created a plant transcript sequence database for BLAST searches in our local computers by using the remaining singleton EST/TSA sequences, assembled contigs, Viridiplantae RefSeq RNA sequences, and makeblastdb, a program contained in the NCBI-BLAST package.

Calculation of the uORF-mORF fusion ratio {#Sec15}
-----------------------------------------

The uORF-mORF fusion ratio for each of the extracted uORFs was assessed as follows. We performed tBLASTx using each uORF sequence as a query against plant (Viridiplantae) RefSeq RNA sequences with an *E*-value cutoff of 2000 (uORF-tBLASTx). We used standalone NCBI-BLAST+ ver. 2.6.0 \[[@CR45]\] for all BLAST analyses. We next performed tBLASTx with an *E*-value threshold of 10^− 1^ using the mORF sequence associated with each uORF as a query against the uORF-tBLASTx hit sequences (mORF-tBLASTx). Using these two-step tBLASTx searches, we selected RefSeq RNAs that contain both sequences similar to the original uORF and its downstream mORF. Then, we examined whether the largest ORF of each of the selected RefSeq RNAs included the region that matched the original mORF in the same reading frame (Fig. [2](#Fig2){ref-type="fig"}). We also examined whether the largest ORF included the region that matched the original uORF, irrespective of the reading frame. The RefSeq RNA was considered to have a uORF-mORF fusion if the largest ORF contained both regions that matched the original uORF and mORF (Fig. [2](#Fig2){ref-type="fig"}). The RefSeq RNA was considered to have a uORF separated from the downstream mORF if the largest ORF contained the region that matched the original mORF but not the region that matched the original uORF (Fig. [2](#Fig2){ref-type="fig"}). RefSeq RNA numbers of the former and latter types were defined as *X* and *Y*, respectively. We calculated a uORF-mORF fusion ratio as *X* / (*X* + *Y*) for each of the original uORF-containing transcript sequences.

BLAST-based search for uORFs conserved between homologous genes {#Sec16}
---------------------------------------------------------------

To search for uORFs with amino acid sequences conserved between homologous genes, we first performed tBLASTn searches against the assembled plant transcript sequence database, using the amino acid sequences of the uORFs as queries. In these uORF-tBLASTn searches, we extracted transcript sequences that matched a uORF with an *E*-value less than 2000 and derived from species other than that of the original uORF. The downstream in-frame stop codon closest to the 5*′*-end of the matching region of each uORF-tBLASTn hit was selected (Fig. [3](#Fig3){ref-type="fig"}). Then, we looked for an in-frame ATG codon upstream of the selected stop codon, without any other in-frame stop codon between them. uORF-tBLASTn hits without such an ATG codon were discarded. If one or more in-frame ATG codons were identified, the 5*′*-most ATG codon was selected. The ORF beginning with the selected ATG codon and ending with the selected stop codon was extracted as a putative uORF (Fig. [3](#Fig3){ref-type="fig"}). The downstream sequences of putative uORFs were subjected to another tBLASTn analysis to examine whether the transcripts were derived from homologs of the original uORF-containing gene. In this analysis, the amino acid sequence of the mORF associated with the original uORF was used as a query sequence, and transcript sequences matching the mORF with an *E*-value less than 10^− 1^ were extracted. For each of the uORF-tBLASTn and mORF-tBLASTn hits, the upstream in-frame stop codon closest to the 5*′*-end of the region matching the original mORF was selected, and the 5*′*-most in-frame ATG codon located downstream of the selected stop codon was identified as the putative mORF initiation codon (Fig. [3](#Fig3){ref-type="fig"}). uORF-tBLASTn and mORF-tBLASTn hits were discarded as uORF-mORF fusion type sequences if the putative mORF overlapped with the putative uORF. The original uORF was selected as a candidate CPuORF if the remaining uORF-tBLASTn and mORF-tBLASTn hits belonged to at least two orders other than that from which the original uORF was derived.

Identification of contaminant ESTs and TSAs {#Sec17}
-------------------------------------------

In the uORF-tBLASTn and mORF-tBLASTn analyses described above, we excluded tBLASTn hit ESTs and TSAs derived from contaminated organisms. To examine whether each uORF-tBLASTn and mORF-tBLASTn hit sequence is derived from contaminated organisms, we performed BLASTn searches against EST, TSA, and RefSeq RNA sequences from all organisms except for those of metagenomes, using each uORF-tBLASTn and mORF-tBLASTn hit EST/TSA sequence as a query. If a uORF-tBLASTn hit EST/TSA sequence matched an EST, TSA, or RefSeq RNA sequence of a different order from the species of the uORF-tBLASTn and mORF-tBLASTn hit, with an *E*-value less than 10^− 100^ and an identity equal to or greater than 95%, it was considered a candidate contaminant sequence. In this case, either the uORF-tBLASTn and mORF-tBLASTn hit or the BLASTn hit may be a contaminant sequence. To distinguish these possibilities, we compared the ratio of the BLASTn hit number to the total EST/TSA and RefSeq RNA sequence number between the species of each uORF-tBLASTn and mORF-tBLASTn hit and the species of its BLASTn hits. Appropriate comparisons are difficult unless species used for this comparison have enough number of EST/TSA and RefSeq RNA sequences. Therefore, if the total EST/TSA and RefSeq RNA sequence number of a species is less than 5000, BLASTn hits derived from the species were not used for this analysis. If the ratio of the BLASTn hit number to the total EST/TSA and RefSeq RNA sequence number of a uORF-tBLASTn and mORF-tBLASTn hit species is less than that of any other BLASTn hit species, the uORF-tBLASTn and mORF-tBLASTn hit sequence was identified as a contaminant sequence.

*K*~a~/*K*~s~ analysis {#Sec18}
----------------------

For *K*~a~/*K*~s~ analysis of each candidate CPuORF, one putative uORF sequence was selected from each order in which uORF-tBLASTn and mORF-tBLASTn hits were found, using the following criteria. First, we selected transcript sequences that matched the mORF associated with the candidate CPuORF with an *E*-value less than 10^− 20^ in mORF-tBLASTn analysis. Of these sequences, we then selected the one with the smallest geometric means of mORF-tBLASTn and uORF-tBLASTn *E*-values. When mORF-tBLASTn *E*-values of all uORF-tBLASTn and mORF-tBLASTn hits in an order were equal to or greater than 10^− 20^, we selected the transcript sequence with the smallest geometric means of mORF-tBLASTn and uORF-tBLASTn *E*-values in the order. Putative uORF sequences in the selected transcript sequences were used for generating multiple uORF amino acid sequence alignments presented in Supplementary Figure [S1](#MOESM7){ref-type="media"} and Supplementary Table [S3](#MOESM3){ref-type="media"}. Only putative uORF sequences selected from orders belonging to Angiospermae were used for *K*~a~/*K*~s~ analysis. Multiple alignments of the uORF amino acid sequences were generated by using standalone Clustal Omega (ClustalO) ver. 1.2.2 \[[@CR46]\] with the default parameters. On the basis of the multiple uORF amino acid sequence alignments, codon-based multiple alignments (also referred to as codon-delimited multiple alignments) \[[@CR47]\] of the uORF nucleotide sequences were generated (Supplementary Table [S3](#MOESM3){ref-type="media"}). For each candidate CPuORF, a median *K*~a~/*K*~s~ ratio for all pairwise combinations of the original uORF and its homologous putative uORFs was calculated using the codon-based multiple alignment and the kaks function in the seqinR package (ver. 3.4.5) \[[@CR48]\] with the parameter setting 'rmgap = FALSE'.

For statistical tests of *K*~a~/*K*~s~ ratios, we calculated the distribution of mutation rates between the original uORF and its homologous putative uORFs and those between the original uORF and its artificially generated mutants, using the observed mutation rate distribution. Then, observed empirical *K*~a~/*K*~s~ ratio distributions were compared with null distributions (negative controls) using the Mann-Whitney *U* test to validate statistical significance. The one-sided *U* test was used to investigate whether the observed distributions were significantly lower than the null distributions. Adjustment for multiple comparisons was achieved by controlling the false discovery rate using the Benjamini and Hochberg procedure \[[@CR49]\].

Determination of the taxonomic range of uORF sequence conservation {#Sec19}
------------------------------------------------------------------

To automatically determine the taxonomic range of the sequence conservation of each CPuORF, we first defined 13 plant taxonomic categories. The 13 defined taxonomic categories are lamiids, asterids other than lamiids, mavids, fabids, eudicots other than rosids and asterids, commelinids, monocots other than commelinids, Angiospermae other than eudicots and monocots, Gymnospermae, Polypodiopsida, Embryophyta other than Euphyllophyta, Streptophyta other than Embryophyta, and Viridiplantae other than Streptophyta. On the basis of taxonomic lineage information of EST, TSA, and RefSeq RNA sequences, which were provided by NCBI Taxonomy, the uORF-tBLASTn and mORF-tBLASTn hit sequences selected for generating the multiple uORF amino acid sequence alignments were classified into the 13 taxonomic categories (Fig. [4](#Fig4){ref-type="fig"}). It should be noted that, in NCBI Taxonomy, eudicots, Angiospermae, and Ggymnospermae are referred to as eudicotyledons, Magnoliophyta, and Acrogymnospermae, respectively. For each CPuORF, the numbers of transcript sequences classified into each category were counted and shown in Supplementary Table [S2](#MOESM2){ref-type="media"}. These numbers represent the numbers of orders in which the amino acid sequence of each CPuORF is conserved.

Statistical and informatic analyses {#Sec20}
-----------------------------------

All programs, except for existing stand-alone programs, such as BLAST \[[@CR45]\], ClustalO \[[@CR46]\] and Jalview \[[@CR50]\], were written in R ([www.r-project.org](http://www.r-project.org)). We also used R libraries, GenomicRanges ver. 1.32.7 \[[@CR51]\], exactRankTests ver. 0.8.30, Biostrings ver. 2.48.0 and seqinr ver. 3.4.5 \[[@CR48]\].

Plasmid construction {#Sec21}
--------------------

Plasmid pNH006 harbors the cauliflower mosaic virus 35S RNA (35S) promoter, the Fluc coding sequence, and the polyadenylation signal of the *A. thaliana HSP18.2 (AtHSP18.2)* gene in pUC19. To construct this plasmid, pMT61 \[[@CR27]\] was digested with *Sal*I and *Sac*I, and the *Sal*I-*Sac*I fragment containing the Fluc coding sequence was ligated into the *Sal*I and *Sac*I sites between the 35S promoter and the *HSP18.2* polyadenylation signal of plasmid pKM56 \[[@CR40]\]. To generate reporter plasmids pNH92-pNH101 (Supplementary Table [S4](#MOESM4){ref-type="media"}) for transient expression assays, the 5′-UTR sequences of 10 poplar genes were amplified by PCR from poplar (*Populus nigra*) full-length cDNA clones pds25559, pds10965, pds14390, pds12940, pds13862, pds15817, pds28294, pds26157, pds14623 and pds23234 (Supplementary Table [S5](#MOESM5){ref-type="media"}), obtained from RIKEN \[[@CR52]\]. Primer sets used are shown in Supplementary Tables [S4](#MOESM4){ref-type="media"} and [S6](#MOESM6){ref-type="media"}. To construct pNH92, pNH94-pNH98 and pNH100-pNH101, amplified fragments containing the 5′-UTR sequences were digested with *Xba*I and *Sal*I and ligated between the *Xba*I and *Sal*I sites of pNH006. To create pNH93 and pNH99, amplified fragments containing the 5′-UTR sequences were inserted between the *Xba*I and *Sal*I sites of pNH006 using the SLiCE method \[[@CR53]\]. To make pHN102, the 5′-UTR sequence of the *Populus trichocarpa* POPTR_0013s08000 gene with a mutation at the initiation codon of the uORF located immediately upstream of the HG107 CPuORF was synthesized by Fasmac (Atsugi, Japan) on the basis of NCBI RefSeq accession no. XM_002319213.3. The synthesized 5′-UTR sequence was amplified by PCR using primers 35S_XbaI_SLiCE-F and FLUC_SalI_SLiCE-R (Supplementary Table [S6](#MOESM6){ref-type="media"}) and were inserted between the *Xba*I and *Sal*I sites of pNH006 using the SLiCE method \[[@CR53]\]. Frameshift mutations were introduced into each CPuORF using overlap extension PCR \[[@CR54]\], with primers listed in Supplementary Tables [S4](#MOESM4){ref-type="media"} and [S6](#MOESM6){ref-type="media"}, to yield pNH103-pNH112. Sequence analysis confirmed the integrity of the PCR-amplified regions of all constructs.

Transient expression assay {#Sec22}
--------------------------

Transient expression assays for measuring only luciferase activities were performed as described in Hayashi et al. 2017 \[[@CR40]\]. Protoplasts from *A. thaliana* MM2d suspension cells \[[@CR55]\] were used, as were the reporter plasmids described above and the pKM5 \[[@CR40]\] internal control plasmid. pKM5 contains the 35S promoter, the *Renilla* luciferase (Rluc) coding sequence, and the *NOS* polyadenylation signal in pUC19. For each experiment, 5 μg each of a reporter plasmid and pKM5 were transfected into protoplasts.

Transient expression assays for measuring luciferase activities and the mRNA levels of the reporter genes were carried out with the following modifications. Reporter plasmid DNA (10 μg) and pKM5 DNA (10 μg) were mixed with 3.0 × 10^5^ MM2d protoplasts in 100 μl of MaMg solution (5 mM morpholinoethanesulfonic acid, 15 mM MgCl~2~, and 0.4 M mannitol, pH 5.8) and 120 μl of polyethylene glycol (PEG) solution (40% PEG4000, 0.1 mM CaCl~2~ and 0.2 M mannitol). After 15-min incubation at room temperature, the mixture was diluted by adding 800 μl of wash buffer \[0.4 M mannitol, 5 mM CaCl~2~, and 0.5 M 2-(*N*-morpholino) ethanesulfonic acid, pH 5.8\]. The protoplasts were centrifuged and resuspended in 400 μl of modified Linsmaier and Skoog medium \[[@CR56]\] containing 0.4 M mannitol. The protoplasts were incubated for 24 h at 22 °C in the dark. For measurement of luciferase activities, 100 μl of cells were harvested and disrupted in 50 μl of extraction buffer \[100 mM (NaH~2~/Na~2~H)PO~4~ and 5 mM DTT, pH 7\] by vortexing. A Dual-Luciferase Reporter Assay kit (Promega) was used to measure the Fluc and Rluc activities. For RNA analysis, 300 μl of cells were harvested and frozen in liquid nitrogen. Total RNAs were extracted using TRIzol (Thermo Fisher Scientific), following the manufacturer's protocol. To remove DNA, 500 ng of total RNAs were treated with 1 unit of RQ1 RNase-Free DNase (Promega) for 30 min at 37 °C. DNase was inactivated by adding 1 μl of RQ1 DNase stop buffer (Promega). The DNase-treated RNAs were subsequently reverse transcribed using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific) and an oligo (dT) primer, according to the manufacturer's instructions, and the synthesized cDNAs were used as templates for quantitative real-time PCR. Quantitative real-time PCR was performed on a LightCycler 480 System II (Roche Applied Science) using a LightCycler 480 SYBR Green I Master kit (Roche Applied Science), following the manufacturer's instructions, except that the extension step of each PCR cycle was performed for 30 s. The *Fluc* and *Rluc* mRNA levels were measured using a primer set FLUCqPCRf (5′-GTCGATGTACACGTTCGTCA-3′) and FLUCqPCRr (5′-GACACCTTTAGGCAGACCA-3′) and a primer set RLUCqPCRf (5′-GGTGAAGTTCGTCGTCCA-3′) and RLUCqPCRr (5′-GGCACCTTCAACAATAGCA-3′), respectively.
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